Johnson and Ascher (1) recently reported that glycine markedly potentiates N-methyl-D-aspartate (N-Me-D-Asp) receptor-mediated responses on cultured cerebral neurones. Electrophysiological experiments using isolated outside-out membrane patches (1) and radioligand binding studies (2) (3) (4) indicate an allosteric interaction through a strychnineinsensitive glycine recognition site that is part of the N-Me-D-Asp receptor/ion channel complex.
It has previously been shown that kynurenic acid (KYNA) is a nonselective excitatory amino acid antagonist (5, 6) , having similar pA2 values (negative logarithm of antagonist concentration producing a 2-fold shift of the agonist concentration-response curve) for the antagonism of N-Me-D-Asp, quisqualate, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and kainate responses on rat cortical slices (6) . These (6) Subsequently it has been shown that KYNA competitively inhibits strychnine-insensitive [3H]glycine binding (8) , and functional studies suggest that part of its antagonism is by an action at the glycine modulatory site on the N-Me-D-Asp receptor complex (9) . Here we present evidence that 7-chloro-KYNA (7-Cl KYNA), which has increased N-Me-DAsp antagonist activity over KYNA itself,* inhibits N-Me-D-Asp responses by a selective antagonism of glycine at its modulatory site.
MATERIALS AND METHODS
Excitatory amino acid-induced depolarizations of rat cortical tissue were recorded by using the greased-gap technique as described (10 Voltage-clamp experiments were performed on primary cultures of cortical neurones prepared from 1-day-old neonatal rats essentially as described by Kaplan et al. (11) . Recordings were made from cells between 1 and 4 weeks in culture using the whole-cell patch configuration (12) (13) . However, they were not treated with Triton X-100 but were frozen at -200C for at least 18 hr before washing four times by resuspension in 50 vol (with respect to original tissue weight) of 5 mM Tris/ acetate buffer (pH 7.0) with a glass/Teflon homogenizer and centrifugation at 50,000 x g for 60 min. The final pellet was resuspended in a small volume of 5 mM Tris/acetate buffer (pH 7.0) to give a membrane protein concentration of =3 mg/ml and stored at -80°C. For the binding assay, synaptic plasma membranes (50-100 ,g of membrane protein) were incubated at 4°C for 30 min with 50 mM Tris/acetate buffer (pH 7.0) and 50 nM [3H]glycine (40-60 Ci/mmol; DupontNew England Nuclear) in a final volume of 0.5 ml. Nonspecific binding was determined by the inclusion of 1 mM glycine, and bound radioactivity was separated by centrifugation in an Eppendorf microcentrifuge.
7-Cl KYNA was prepared as described (16) . All other drugs and reagents were obtained from commercial sources. Our initial studies failed to show any potentiating effect of exogenously applied glycine on N-Me-D-Asp responses from rat cortical slices. However, we found that glycine (100 ,uM) was able to almost completely reverse the antagonist effects of7-Cl KYNA (10 ,uM), restoring the N-Me-D-Asp responses back toward control levels (Fig. 3 Upper). The mean logarithmic concentration ratio (±+ SEM) produced by 7-Cl KYNA (10 ,uM) was reduced from 0.43 ± 0.029 to 0.086 + 0.024 (n = 8) by glycine (100 ,M). Furthermore, D-serine (100 ,uM), which is also an agonist at the glycine site on the N-Me-D-Asp receptor (2, 4), was able to reverse the antagonist effects of 7-Cl KYNA, including the unsurmountable block produced by 100 ,uM 7-Cl KYNA (Fig. 3 Lower). The ability of glycine and D-serine to reverse N-Me-D-Asp antagonism was specific for 7-Cl KYNA. D-Serine (100 A&M) had no effect on the competitive antagonism produced by 3-[( ± )-2-carboxypiperazin-4-yl]propyl-1-phosphonic acid (19) (6 ,um, n = 3 slices) or the uncompetitive antagonism produced by MK-801 (10) (1 ,uM, n = 3 slices; data not shown). To investigate the action of 7-Cl KYNA in greater detail and under conditions where the extracellular glycine concentration could be controlled, whole-cell patch-clamp recordings (12) from primary cell cultures of rat cortical neurones were used. By using the fast-perfusion technique employed by Johnson and Ascher (1) we were able to reproduce their demonstration of the marked potentiating effect of glycine on N-Me-D-Asp receptor-mediated responses (Fig. 4) . 7 (Fig. 4) , and this effect could not be overcome by increasing the N-Me-D-Asp concentration (not shown). It could, however, be reversed by increasing the concentration of glycine (10 and 30 ,uM), again demonstrating competition between these compounds (Fig. 4) . Nevertheless, it can be seen (Fig. 4) Proc. Natl. Acad. Sci. USA 85 (1988) at the glycine modulatory site on the N-Me-D-Asp receptor complex. The binding studies indicate that the affinity of 7-Cl KYNA for the strychnine-insensitive glycine site is 273-, 302-and >1000-fold higher than its affinity for quisqualate, N-Me-D-Asp, orkainate recognition sites, respectively, equivalent values for KYNA being 2.5, 4.5, and >1000, respectively. Thus, 7-chloro substitution of KYNA results in a selective 70-fold increase in affinity for the glycine site.
RESULTS
An accurate estimation of its affinity for the glycine site from the electrophysiological studies in rat cortical slices is complicated by the noncompetitive nature of the antagonism and by the presence of unknown concentrations of endogenous extracellular glycine with which 7-Cl KYNA would be competing. In agreement with the studies of Johnson and Ascher (1) we found that the augmentation of N-Me-D-Asp responses by glycine in neuronal cultures was near maximal at 1-3 ,uM. The inability of added glycine to potentiate N-Me-D-Asp responses on rat cortical slices suggests that during N-Me-D-Asp applications the extracellular concentration of glycine must be at least equal to or in excess of this. However, it has been shown that L-glutamate and L-aspartate cause a Ca2 '-independent release ofglycine from retina (20 (21) (22) (23) . Thus, 7-Cl KYNA could be regarded as an inverse agonist rather than a simple antagonist at the glycine modulatory site. If this is the case then the affinity of 7-Cl KYNA assessed from the shift of the glycine concentration-response curve is likely to be an overestimate of its true affinity.
These observations with 7-Cl KYNA have provided evidence that the glycine modulatory site on the N-Me-D-Asp receptor is functional in intact adult neuronal tissue. Indeed, under the conditions ofthe cortical slice experiments it would appear that this allosteric site is maximally activated. Future experiments can be expected to elucidate the mechanisms that regulate the levels of glycine in the synapse in vivo. In addition, the identification of 7-Cl KYNA as a potent and selective antagonist of the glycine site opens the way for studies of the contribution of this regulatory site to N-Me-D-Asp receptor function under physiological and pathological conditions.
